We report the experimental observation of self-induced modulation instability in a Brillouin fiber laser made with a solid-core photonic crystal fiber with strong anomalous dispersion. We identify this modulation instability as the result of parametric amplification of optical sidebands generated by guided acoustic modes within the core of the photonic crystal fiber. It is further shown that modulation instability leads to passive harmonic mode-locking and to the generation of picosecond pulse train at a repetition rate of 1.15 GHz, which matches to the acoustic frequency of the fundamental acoustic mode of the photonic crystal fiber. c ⃝ 2013 Optical Society of America OCIS codes: 190.4370, 060.3510, 060.5295, 290.5830 Brillouin fiber lasers (BFLs) are attractive and simple versatile laser sources that provide high spectral purity and weak relative intensity noise in almost any wavelength in the near infrared region [1-4]. They were developed for applications requiring narrow linewidth lasers such as coherent optical communication, coherent radar detection, and microwave photonics [5][6][7]. BFLs are all-fiber ring resonators wherein a continuous pump wave near 1.55 µm is converted into a backward downfrequency shifted Stokes radiation through stimulated Brillouin scattering (SBS). Single-longitudinal mode operation with sub-kHz linewidth can be readily achieved thanks to the very narrow gain band of the Brillouin spectrum [1, 3]. Despite these advances, instabilities of the laser output intensity have often been observed and were investigated in detail in order to either mitigate them or, vice versa, to lock them for optical pulse generation. Pulse formation in BFLs have indeed been reported in the past as the result of the excitation of low-frequency transverse acoustic modes in optical fibers [8][9][10]. Also known as guided acoustic wave Brillouin scattering (GAWBS), two different types of transverse acoustic modes, radial and torso-radial modes, have been observed for standard single-mode fibers [11]. In solid-core photonic crystal fibers (PCF), GAWBS was recently found to be highly suppressed in the lower MHz frequency region [12,13] and strongly enhanced for highfrequency acoustic modes trapped within the fiber core by the air-hole microstructure [13, 14]. As GAWBS is similar to frequency modulation, this feature is interesting for harmonic frequency modulation (FM) modelocking and has recently been implemented in an Erbium doped fiber laser including a PCF [15]. In this letter we investigate a BFL made with a long PCF and report the observation of self-induced modulation instability (MI) and pulse train generation. We show in particular that, above a certain pump power level, MI
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In this letter we investigate a BFL made with a long PCF and report the observation of self-induced modulation instability (MI) and pulse train generation. We show in particular that, above a certain pump power level, MI manifests in the laser cavity from high-frequency guided acoustic modes in the core of the PCF. It is further shown that MI leads to passive harmonic mode-locking along with the generation of 430 picosecond pulse train at a repetition rate of 1.15 GHz, matching the acoustic frequency of the fundamental elastic mode tightly confined in the PCF core. In other words, passive modelocking of the laser modes is achieved outside the Brillouin gain spectrum by modulation instability induced from the transverse acoustic mode.
The experimental setup of our BFL is shown schematically in Fig. 1 . The pump laser is a linearly-polarized continuous-wave (cw) distributed feedback (DFB) fiber laser emitting at λ P =1.55 µm and with a 15 kHz linewidth. The output is then amplified by a highpower Erbium-doped fiber amplifier (EDFA, 33 dBm) and a band-pass filter (1 nm width) at λ P is used to suppress amplified spontaneous emission (ASE) coming from the EDFA. The ring cavity consists of a 100m-long PCF with the following characteristics at 1.55 µm: effective mode area A eff =5.3 µm 2 , linear loss α=5.4 dB/km and group-velocity dispersion (GVD) pa- rameter D=115.6 ps/nm/km at 1550 nm. The SEM image of the microstructure is shown in the inset of Fig. 3 (a). It consists of a standard triangular lattice with a core diameter d c = 2.7 µm, holes diameter d = 2.55 µm and a pitch Λ = 2.9 µm (d/Λ = 0.88). Two polarization controllers help for adjusting the polarization of the Stokes and pump waves and for minimizing the laser threshold. A 10/90 tap fiber coupler is inserted into the cavity to extract the backward Brillouin Stokes radiation resonating in the cavity. A tunable fiber Bragg grating with 10 GHz bandwidth filters out the residual pump radiation. The laser output is finally monitored with a high-resolution optical spectrum analyzer (OSA) with 20 MHz resolution and a 12 GHz bandwidth realtime oscilloscope with a fast photodiode. We first performed a measurement of the laser output power using a power meter to estimate the laser threshold. Figure 2(a) shows the laser output power versus the input one. As it can be seen, we measured a laser threshold of about 14 dBm and a power slope of 9.1 dB.
A maximum output power of 0 dBm at the 10% tab fiber coupler is obtained which corresponds to 10 dBm laser power in the cavity. Note that the conversion efficiency is relatively weak mainly due to splicing losses between our PCF and the fiber optics components. The optical spectra of the laser output from input pump power 11 dBm to 31 dBm have been recorded and three examples at power P in =13.6 dBm, P in =29.7 dBm and P in =30.8 dBm are shown in Fig. 2(b,c,d ). As expected, a narrow linewidth Stokes radiation can be observed which is shifted by 10.89 GHz with respect to the pump and whose output power rises with increasing pump power. However, in the high power region an unexpected behaviour is observed in Fig. 2(d) . A frequency comb with 1.15 GHz frequency spacing around the Stokes wave occurs with up to 10 sidebands for each side. Also around the pump wave this phenomenon can be seen but it is filtered by the fiber Bragg grating. The frequency comb is highly polarization dependent in the laser cavity and yet difficult to stabilize. With a spacing of 1.15 GHz, the optical sidebands are far from the Brillouin gain spectrum which has a natural linewidth of only 25 MHz in silica. Consequently, these laser modes cannot be accounted by the Brillouin cavity gain, as in Ref. [10] . These sidebands actually comes from the transverse fundamental acoustic mode that is generated in the core of the PCF, as that shown in Figs. 3(a,b) both experimentally and numerically. More specifically, Fig. 3(a) shows the forward Brillouin spectrum recorded at the PCF output. Several GAWBS frequencies can be seen from 100 MHz to more than 1.8 GHz and we can clearly identify a strong acoustic mode at a resonance frequency of 1.15 GHz, corresponding to the frequency comb spacing observed in Fig. 2(d) . To identify this acoustic mode, we performed numerical simulations based on a finite element method (for detailed calculations, see Refs [16, 17] ). Figure 3(b) shows the computed elasto-optic coefficient versus the frequency with a dominant peak at 1.15 GHz. The strain energy density distribution at the acoustic frequency of 1.15 GHz is also plotted in the inset of Fig. 3(b) . It can clearly be seen that this acoustic mode is spatially localized within the fiber core and results from radial compression and dilatation of the air-hole microstructure. This acoustic mode is identified as the fundamental phonon of the radial R01 mode in the numerical simulation. The acoustic wave scatters the light and generates a narrow line at 1.15 GHz in the Fourier spectrum, as that observed in Fig. 3(a) . Since our PCF exhibits a strong anomalous dispersion at 1.55 µm, MI can be efficiently seeded in the cavity laser by these sidebands. We have indeed checked that the phase-matching condition for these sidebands is almost satisfied [18] . This equation reads as ∆β = β 2 Ω 2 +2γP S = 0, where β 2 is the GVD coefficient (here -1.47·10
−25 s 2 m −1 ), γ is the nonlinear co- √ 2γPS |β2| of 7.6 GHz, which corresponds to the maximum of the MI gain spectrum. This value is in the same order of magnitude as the acoustic frequency at 1.15 GHz. Consequently, a large number of higher-order harmonics sidebands, up to the 6th and 7th order, are within the MI gain spectrum and can be amplified. Encouraged by these results, we also tested the ability of our PCF-based Brillouin laser to get harmonically phase-locked and to generate optical pulse train at high repetition rates. The observed intensity fluctuations on the oscilloscope and their Fast Fourier Transform (FFT) are depicted in Fig. 4 . At 29.7 dBm pump power, we observe stable dark-bright pulse trains with 38 ns linewidth and 655 ns (1.53 MHz) repetition rate. This corresponds to the well-known BFL oscillation [10] . The repetition rate refers to the second harmonic of the cavity mode spacing calculated by ν = c/(L · n) with a pulse linewidth corresponding to the Brillouin gain spectrum. L is the cavity length, c the velocity of light, and n the effective index. The corresponding FFT shows frequency peaks from 1.5 MHz with 1.5 MHz spacing up to around 20 MHz. Increasing the input pump power to 30.8 dBm and adjusting the polarization leads to a change in the pulse dynamics. Fig. 4(c) shows the generation of 430 ps-long square pulses with a period of 870 ps. The corresponding repetition rate is 1.15 GHz (750th harmonic mode locking) in good agreement with the resonant frequency of the fundamental acoustic mode guided in the PCF core. More precisely, the FFT plotted in Fig. 4(d) shows well distinct frequency peaks at 1.15 GHz and multiples. However, the contrast of the time trace is 60 times smaller than for the other pulse regime.
In conclusion we reported the observation of modulation instability and pulse train generation in a BFL including a long PCF. We have shown that modulation instability starts from high-frequency transverse acoustic modes guided in the core of the PCF. This effect leads to passive harmonic mode-locking of the fiber ring laser at a repetition rate of 1.15 GHz, corresponding to the resonant acoustic frequency of the fiber core. Note that the laser dynamics presented here is nearly similar to that of the self-induced modulation instability fiber laser, except that modulation instability is triggered by acoustic waves at lower frequency [19, 20] .
